Context. One of the most dramatic manifestations of solar activity are large-scale coronal bright fronts (CBFs) observed in extreme ultraviolet (EUV) images of the solar atmosphere. To date, the energetics and kinematics of CBFs remain poorly understood, due to the low image cadence and sensitivity of previous EUV imagers and the limited methods used to extract the features. Aims. In this paper, the trajectory and morphology of CBFs was determined in order to investigate the varying properties of a sample of CBFs, including their kinematics and pulse shape, dispersion, and dissipation. Methods. We have developed a semi-automatic intensity profiling technique to extract the morphology and accurate positions of CBFs in 2.5-10 min cadence images from STEREO/EUVI. The technique was applied to sequences of 171 Å and 195 Å images from STEREO/EUVI in order to measure the wave properties of four separate CBF events. Results. Following launch at velocities of ∼240-450 km s −1 each of the four events studied showed significant negative acceleration ranging from ∼ −290 to −60 m s −2 . The CBF spatial and temporal widths were found to increase from ∼50 Mm to ∼200 Mm and ∼100 s to ∼1500 s respectively, suggesting that they are dispersive in nature. The variation in position-angle averaged pulse-integrated intensity with propagation shows no clear trend across the four events studied. These results are most consistent with CBFs being dispersive magnetoacoustic waves.
Introduction
"EIT waves" were first observed in the solar corona using the SOlar and Heliospheric Observatory (SOHO)/Extreme ultraviolet Imaging Telescope (EIT; Moses et al. 1997 ) and analysed in detail by Thompson et al. (1998) . They have been a source of much controversy and debate in the solar physics community since this initial observation, with different authors suggesting that they are alternatively fast-mode MHD waves (e.g. : Wang 2000; Warmuth et al. 2004a; Long et al. 2008; Veronig et al. 2008; Gopalswamy et al. 2009 ), a result of the restructuring of the magnetic field during the eruption of a coronal mass ejection (CME; Chen et al. 2002 Chen et al. , 2005 Attrill et al. 2006 Attrill et al. , 2007 Delannée et al. 2007 Delannée et al. , 2008 or a coronal MHD soliton (Wills-Davey et al. 2007 ). It should be noted at this point that the name "EIT wave" is typically used for historical reasons. To reflect the uncertainty surrounding the physical interpretation of "EIT waves" we shall adopt the suggested nomenclature of Gallagher & Long (2010) and refer to these disturbances as coronal bright fronts (CBFs) throughout this paper.
The uncertainty in the nature of CBFs has arisen from conflicting results being drawn from the same observations. A pseudo-wave interpretation was proposed following observations of stationary bright fronts (Delannée & Aulanier 1999) , a strong correlation with CMEs (Biesecker et al. 2002) and a lower than expected estimated pulse velocity (Wills-Davey et al. 2007 ). However, observations of refraction (Wang 2000; Ofman & Thompson 2002; Veronig et al. 2006 ) and reflection (Gopalswamy et al. 2009 ) of CBFs at coronal hole boundaries would appear to suggest a wave interpretation. A conclusive result has been hampered by the diffuse nature of CBFs and the relatively low temporal cadence of the observing instruments, both of which make it difficult to characterize their true nature. A full review of CBFs, their morphology, kinematics, relationship to other solar phenomena, and theoretical interpretations may be found in Wills-Davey & Attrill (2010) and Gallagher & Long (2010) .
The first observations of CBFs were made using EIT with an effective cadence of ∼12 minutes in the 195 Å passband. Initial estimates of the kinematics of these disturbances, using a point-and-click methodology applied to running-difference images, estimated the average velocity at ∼189 km s −1 (Thompson & Myers 2009) . A higher velocity of 311 ± 111 km s −1 was found by Warmuth et al. (2004a) using additional passbands to compensate for the lack of 195 Å images. This is comparable to the range of Alfvén speeds predicted by Wills-Davey et al. (2007, ∼215- 1500 km s −1 ). The Solar TErrestrial RElations Observatory (STEREO; Kaiser et al. 2008 ) mission with the Extreme UltraViolet Imager (EUVI; Wuelser et al. 2004 ) instrument has led to new results. EUVI has an effective observing cadence of up to 1.5 minutes (ten times that of EIT), allowing for an improved estimate of the kinematics of these disturbances. A numerical differencing technique was applied by Long et al. (2008) to running-difference EUVI images to estimate a peak velocity range for a CBF of ∼153 to 475 km s −1 with the acceleration of the disturbances estimated to be between −413 and 816 m s −2 , depending on the cadence of the observations. For the same event, Veronig et al. (2008) estimated the CBF velocity to be 460 km s −1 with an associated deceleration of −160 m s −2 by fitting a quadratic model to distance-time measurements. The results of Long et al. (2008) also indicated that the lower cadence of SOHO/EIT had resulted in the kine-matics of CBFs being previously underestimated, an observation confirmed by Veronig et al. (2008) and Ma et al. (2009) .
The kinematics of CBFs provide an insight into the true nature of the disturbances. Another useful physical indicator is the presence of pulse broadening, previously described by Warmuth et al. (2004b) . Several authors have examined CBF pulse broadening using observations of multiple events from different passbands, including a combination of EUV and Hα observations (Warmuth et al. 2001; Warmuth 2010; Veronig et al. 2010) as well as observations of a disturbance in soft Xray data from GOES/SXI (Warmuth et al. 2005) . In contrast, Wills-Davey (2006) observed no measurable increase in the FWHM of a pulse using high-cadence observations of a single CBF across the limited field-of-view of the Transition Region And Coronal Explorer (TRACE). This led Wills-Davey et al. (2007) to propose that CBFs were soliton-like waves which exhibit no significant dispersion with propagation.
Observations of CBFs typically show a decreasing front intensity with propagation. This has been noted by many authors including Warmuth et al. (2001 Warmuth et al. ( , 2004b and Veronig et al. (2010) , and is interpreted as evidence of energy conservation as a wave expands into a larger area. The specific geometry of the wave expansion can be derived by measuring the decay in pulse intensity and growth of pulse width, although previous efforts to measure these parameters accurately have been hampered by the small number of data points associated with each observed event (Warmuth et al. 2004b) .
In this paper we determine the kinematics of several CBFs and examine the variation in their width and intensity with increasing time (and hence distance). The data are presented and discussed in Section 2, with Section 3 detailing the analysis method. The results are discussed in Section 4 and some conclusions drawn in Section 5, along with some thoughts on future work.
Observations
The data discussed here were obtained using EUVI, part of the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI; Howard et al. 2008 ) suite of instruments onboard the STEREO-A and STEREO-B spacecraft. EUVI is a normalincidence telescope of Ritchey-Chrétien design with a pixel scale of 1.6 ′′ . It observes the Sun in four passbands (304 Å, 171 Å, 195 Å, and 284 Å) , with the peak temperature sensitivities for each passband being approximately 0.07 MK (304 Å), 1 MK (171 Å), 1.5 MK (195 Å), and 2.25 MK (284 Å). The imaging cadence of the EUVI instrument ranges from 1.5 minutes (in the 171 Å passband) to 20 minutes (in the 284 Å passband).
Although EUVI takes observations in all four of these passbands, only the 171 Å and 195 Å passbands were used here. This is due to the high temporal cadence of both passbands (1.5-2.5 minutes for 171 Å and 5-10 minutes for 195 Å) and also as CBFs are more readily observed (i.e., of higher contrast) in these two passbands. CBFs have been observed in the 284 Å passband (Zhukov & Auchère 2004 ) and the 304 Å passband (Long et al. 2008) , but the nature of the data make it difficult to use these passbands for more rigorous analysis.
The CBFs were studied using de-rotated base-difference (BD) and percentage base-difference (PBD) images. This involved de-rotating all images for a given event to the same preevent time, in order to correct for solar rotation between images, and then subtracting a pre-event image to produce a BD image. The ratio of the BD image and the pre-event image was then calculated, giving a PBD image. This is described by the equation,
where I t is the image at any time t and I 0 is the pre-event image. This technique produces images that highlight the CBF and any associated dimming regions, with the intensity values of any given pixel corresponding to the percentage change in intensity with respect to the pre-event image (for more details see Wills-Davey et al. 2007 ). 
Methods
It is well known that the use of point-and-click techniques in conjunction with PBD images results in large errors that are unique to each user. As a result, we developed an algorithm to automatically identify the presence of CBFs in PBD images and produce estimates of the kinematics of these CBFs. This algorithm is outlined in Section 3.1, with the resulting kinematics presented in Section 3.2. The algorithm was also used to investigate the variation in both the width (Section 3.3) and position angle (PA) -averaged integrated intensity (Section 3.4) of the CBF pulse.
Pulse Identification
The source of the CBF disturbance was identified from the PBD images by fitting ellipses to the visually traced wavefronts from the first two observations of the disturbance in both the 171 Å and 195 Å passbands, with the mean of the centres of the four ellipses taken as the origin of the CBF and the standard deviation giving the associated error (typically ∼20 Mm). Next, a great-circle sector (i.e., an area on the sphere bounded by two great circles) projected onto the Sun was identified in which the disturbance was clearly visible throughout its propagation, with the source of the disturbance acting as the crossing point of the two bounding great circles (see Figure 1) . From each image the PBD intensity within this sector was then averaged across PA, in annuli of increasing radii with 1 degree width on the surface of the sphere, to produce an intensity profile as a function of distance away from the source location (cf. similar techniques proposed by Warmuth et al. 2004b; Podladchikova & Berghmans 2005; Wills-Davey 2006; Veronig et al. 2010 ). This process was repeated to create BD intensity profiles as well.
The intensity profile produced by this technique was fitted using a Gaussian model because CBFs were noted by Wills-Davey (2006) Figure 2 . Note that the first three observations in the 195 Å passband and the first six observations in the 171 Å passband from both spacecraft were used for this work. Beyond this, the χ 2 values of the Gaussian fits were too large for accurate analysis.
The intensity profile technique is judged to be more accurate than a normal point-and-click technique as it is semi-automated and reproducible, with any associated errors quantifiable as they result from the fitting of a Gaussian to an intensity profile across the pulse. In contrast, the point-and-click methodology commonly used to identify CBFs is highly user-dependent, with large unquantifiable errors in the identification of the pulse position. Although a pulse may be tracked over larger distances using a visual method, increased image processing is often required to improve the visibility of the pulse. However, the intensity profile technique used here applies the same processing for all images, with the result that measurements of the pulse are directly comparable. The intensity profile technique can also be used to process large amounts of data (such as those from SDO) rapidly as it does not require the same degree of user input as the visual method.
In comparing different analysis techniques, it was also noted that BD and PBD images produced a more accurate estimate of the location of the pulse than running-difference images as they highlight relative motion of solar features with respect to a pre-event image rather than the previous image. This means that the bright pulse indicates the entirety of the CBF, rather than the portion of the pulse which has moved beyond its previous extent (for a discussion of the problems associated with runningdifference images see Attrill 2010).
Pulse Kinematics
The kinematics of the CBF pulse were studied by plotting the variation with time in the centroid of the Gaussian model applied to the positive section of the intensity profiles (see Figure 2) . The errors associated with each data-point are given by the error associated with the mean of the Gaussian fit to the intensity profile in each case. Data from both the 171 Å and 195 Å passbands were combined in this case as they have been observed to follow similar kinematical curves (Warmuth et al. 2004a; Veronig et al. 2010) . This was carried out for both STEREO spacecraft (see Figure 9 ) with the resulting plots fitted using a quadratic model of the form,
where r 0 is the offset distance, v 0 is the initial velocity, a is the constant acceleration of the pulse, and t is the time elapsed since the first observation of the disturbance. The data were analysed using a residual resampling bootstrapping technique to ensure that the results were as statistically rigorous as possible. This technique works by fitting the given data (y i ; i = 1, 2, . . . , n) with a specified model, yielding the fitted values (ŷ i ) and residuals (ǫ = y i −ŷ i ). The residuals are then randomly ordered, randomly assigned a sign (1 or −1), and added to the original fit values to produce a new data set. These data are fit using the same model with the resulting re-fitted parameters recorded. The process of randomizing residuals, applying them to the original fit and refitting is then repeated a large number of times (∼10 000). This technique is statistically rigorous and produces a more accurate result than a simple model-fit to the given data (Efron 1979) , allowing each fit parameter to be characterised by a distribution.
The inset values in Figure 9 are the mean and standard deviation for these bootstrapped parameter distributions, which suggest that the pulse has an initial velocity of ∼446 km s −1 with a negative acceleration observed in both spacecraft (a ≃ −260 ± 130 m s −2 in STEREO-A and a ≃ −260 ± 150 m s −2 in STEREO-B). The errors associated with the acceleration terms are quite large (in each case the acceleration is negative within the 1-sigma error range). However, the kinematics are consistent between both STEREO spacecraft, suggesting that the deceleration is real.
The initial velocity values given here are similar to previous estimates obtained by Long et al. (2008) and Veronig et al. (2008) who both studied this event, although in both of those cases a three-point Lagrangian interpolation technique was used to determine the kinematics of the CBF. Although that technique retains all of the data points through the use of an interpolation method, it has been observed to introduce artificial trends through the skewing of the interpolated edge points. As a result, it is possible to misinterpret the derived velocity and acceleration plots. In contrast, the bootstrapping technique used here is designed to determine the best-fit of a model to a given small data set, producing accurate estimates of the model parameters and quantifiable associated errors.
Pulse Width
The variation with distance of the full width at half maximum (FWHM; ∆r = 2 √ 2ln2σ) of the Gaussian fit applied to the PBD intensity profile was studied to identify any evidence of pulse broadening. The top two panels in Figure 12 show this variation for STEREO-A (left) and STEREO-B (right), with measurements from the differing passbands indicated by the different symbols. It is clear from these plots that an increase in pulse width with distance is present for both passbands as observed by both spacecraft. This is indicative of pulse broadening and shows that the CBF spreads out spatially as it propagates.
The variation in the temporal width of the pulse with time was also considered. The temporal width of the pulse, ∆τ, is defined as,
where ∆r is the spatial width of the pulse and v pulse is the velocity of the pulse. While an increase in the spatial width of the pulse may indicate dispersion, this could be negated by increasing pulse velocity, producing a pulse with constant temporal width. By examining the variation of the temporal width of the pulse with time it is possible to determine if the pulse is indeed dispersive. The resulting plot of the variation in pulse temporal width with time is given in the bottom two panels of Figure 12 . The temporal width of the pulse is also observed to increase with time, indicating that the pulse broadens in both space and time with propagation. The increase in spatial and temporal pulse width is apparent in the data from both STEREO spacecraft, suggesting that it is a true feature of the disturbance and not an observational artifact. The rate of change of the spatial and temporal width of the pulse with distance and time respectively (d(∆r)/dr and d(∆τ)/dt) are given in Table 1 .
The broadening of the CBF pulse in both space and time confirms the previous observations of both Warmuth et al. (2001) and Veronig et al. (2010) . These observations, when taken together with the derived kinematics, are consistent with the interpretation of a CBF as a dispersive, decelerating pulse.
Integrated Intensity
The variation in the PA-averaged integrated intensity of the pulse was also examined in order to determine the physical nature of the disturbance. This was found by determining the variation in peak intensity with distance ( I BD max versus r) and the variation in the FWHM of the pulse with distance (∆r versus r). The PAaveraged integrated intensity could then be defined as,
and plotted as a function of distance (see Figure 16 for the resulting plots for the 2007 May 19 event). This approach was used as the pulse has shown broadening (i.e., dispersion), with the result that the variation in peak intensity with distance may be influenced by this dispersion. The peak intensity of the BD intensity profile was used as this shows the actual emission of the pulse, while the PBD intensity shows the ratio of the pulse emission with respect to the background. Figure 16 shows the variation in peak pulse intensity, FWHM and PA-averaged BD integrated intensity with distance for each spacecraft. The top plot shows a large discrepancy between the 171 Å and 195 Å observations, with the 195 Å data showing a large decrease with time while the 171 Å data shows no strong variation. The FWHM does follow a linearly increasing trend with distance for both passbands, but the resulting variation in PA-averaged BD integrated intensity is inconclusive in each case. In both cases the 195 Å data appears flat with distance (albeit with some stronger point-to-point variation), while the 171 Å data shows a generally increasing trend. The rate of change of I tot with distance (i.e., d(I tot )/dr) is given in Table 1 .
These measurements show that more analysis is required to understand the morphology of the pulse. The higher cadence observations available from SDO should allow the variation in peak intensity and PA-averaged integrated intensity with distance to be determined with a much higher degree of accuracy than possible using STEREO.
Results
The intensity profile technique outlined in Section 2 is extremely effective at identifying the CBF pulse in observations, with the associated errors much lower than those achieved with previous techniques. Once the sector into which the pulse propagates has been identified, the technique automatically returns the centroid and FWHM of the fitted Gaussian as well as the integrated pulse intensity averaged over position angle at any given image time. The technique also produces accurate and reproducible estimates of the pulse characteristics, making these results more robust. The findings from the event of 2007 May 19 are discussed in detail in Section 4.1 with several other CBF events summarized in Section 4.2, while all of the results are presented in Table 1 .
2007 May 19 Event
The event of 2007 May 19 displays kinematics consistent with those of a decelerating pulse, with an initial velocity that is towards the upper end of previous estimates. The acceleration term was observed to be negative within the 1-sigma error range, with the similar results from both spacecraft suggesting that these are the true kinematics of the pulse.
The pulse was observed to display clear spatial and temporal broadening during propagation, indicating that the CBF is dispersive. As a result, the variation with distance of the integrated intensity of the pulse averaged across position angle rather than the peak intensity of the pulse was examined to try and understand the physical nature of the pulse. A decrease in the peak amplitude of a dispersive pulse does not necessarily imply a dissipative pulse (due to the presence of pulse broadening) and may result in a misinterpretation of the true nature of the disturbance.
This event shows inconclusive variation in the PA-averaged integrated pulse intensity with distance from both observed passbands. The higher cadence 171 Å data exhibits a generally increasing trend with distance, while the lower cadence 195 Å observations show negligible variation on average, but strong point-to-point variation. The multi-passband, high-cadence observations afforded by the Solar Dynamic Observatory (SDO) will allow the true variation (if any) to be determined to a high degree of accuracy.
Further CBF Events
Three additional CBF events from 2007 December 12, 2009 February 12, and 2009 February 13 were also studied using the intensity profile technique (see Figures 4 to 7) . The relationships discussed in Section 3 were plotted for these additional events, with approximately similar results observed for each event. Table 1 shows the kinematics of all the pulses studied and indicates that they displayed similar initial propagation velocities (∼240-450 km s Table 1 also shows the rate of change of spatial and temporal pulse width ∆r and ∆τ with distance and time respectively, as well as the rate of change of the PA-averaged integrated pulse intensity, ∆I tot , associated with each event (i.e., the slope of the lines shown in Figures 12 and 16) . The results indicate that all of the observed events exhibited clear pulse broadening in both the spatial and temporal domains, with the d(∆r)/dr and d(∆τ)/dt parameters positive for both the 171 Å and 195 Å passbands. This suggests that pulse broadening is a general characteristic of CBFs and must be accounted for by all theories that seek to explain this phenomenon. The plots showing the variation in both spatial and temporal pulse width with distance and time respectively for each event are given in the online Figures 13 to 15 .
The variation in PA-averaged integrated pulse intensity with distance is more difficult to interpret. Both of the online Figures 17 and 18 show the variation in peak intensity (top), FWHM (middle) and PA-averaged integrated pulse intensity (bottom) with distance. In each case, the 195 Å peak intensity drops with distance while the 171 Å peak intensity variation is inconclusive, although the FWHM of each passband tends to increase. For the 2007 December 07 event, the resulting PAaveraged integrated pulse intensity shows a slight decrease with distance for the 195 Å data, while showing an apparent increase with distance for the 171 Å data, with a large separation between the 171 Å and 195 Å passbands. In contrast, both the 171 Å and 195 Å observations tend to drop with distance for the 2009 February 12 event, while the 2009 February 13 event shows an increase and decrease with distance for the 171 Å and 195 Å data respectively. These observations suggest that the variation in PA-averaged integrated pulse intensity with distance is not well-defined and requires further investigation.
Conclusions
Several CBFs were studied by applying a semi-automated technique to data from the EUVI telescopes onboard both STEREO spacecraft. This technique applies Gaussian fits to intensity profiles across propagating CBFs, returning the position, width, and PA-averaged integrated intensity of the pulse for each observation. This intensity profile approach is similar to CBF identification techniques previously proposed by Warmuth et al. (2004b) ; Podladchikova & Berghmans (2005) ; Wills-Davey (2006); Veronig et al. (2010) . However, by combining it with a statistically rigorous bootstrapping method and the high cadence observations afforded by STEREO/EUVI we can minimise the errors typically encountered with the analysis of CBFs.
The similarity in derived velocity between this work and previous investigations is interesting given that most previous works have used point-and-click techniques applied to runningdifference images. These studies identify the forward edge of the CBF at a given time, which is then used to determine the kinematics of the disturbance as a whole. The analyses performed using such techniques have mainly returned kinematics that suggest a zero acceleration (i.e., constant velocity) interpretation of the CBF phenomenon. In contrast, our semi-automated technique uses the pulse centroid derived from percentage base difference intensity profiles to return a constant, non-zero acceleration (i.e., variable velocity) interpretation. In the presence of pulse broadening, as found here, the forward edge of a decelerating pulse will appear to move faster than the pulse centroid. This suggests that the true kinematics of CBFs may have previously been disguised through use of the wrong position within the pulse profile to characterise its location. We also note that a variable acceleration may be present, but this can only be studied with an increased number of data points.
A positive increase in the variation of the width of the Gaussian fit to the CBF pulse in both the spatial and temporal domains was observed for all events studied. While the increase in spatial pulse width is suggestive of a dispersive pulse, this is confirmed by the observed increase in the temporal width of the pulse. From Equation 3, an increase in the spatial pulse width may be negated by an increase in pulse velocity, producing a pulse with a constant temporal width. However, Figures 12 to 15 show that this is not the case. This indicates that all of the CBFs studied showed significant pulse broadening and may be interpreted as being dispersive. Although some previous studies have suggested a dispersive nature for "EIT waves", the true extent of this dispersion may have been disguised by the nature of point-and-click analyses of running-difference images.
The variation in PA-averaged integrated pulse intensity with distance was studied rather than the variation in peak pulse intensity due to the presence of pulse broadening. This was found by multiplying the FWHM by the peak pulse intensity at a given time, and produced inconclusive results. While the peak intensity of the pulse was generally observed to decrease with distance and the FWHM was observed to increase with distance in both passbands, the PA-averaged integrated intensity typically showed no strong variation with distance in either passband, although a strong offset between the 171 Å and 195 Å data was typically observed. Contrasting results were found for the 2009 February 12 and 2009 February 13 events respectively, suggesting that further investigation using simultaneous analysis of multiple passbands at very high cadence is required, something that will be routinely available from the SDO spacecraft.
The results of our analysis suggest that the studied CBFs may be interpreted as dispersive pulses exhibiting negative acceleration. This is consistent with the fast-mode magnetoacoustic wave interpretation for a freely-propagating "EIT wave". The variation in the integrated intensity of the pulse was inconclusive, implying that more analysis is required to definitively determine the physical nature of the disturbance.
The consistency of the results between the events studied suggests that the conclusions drawn here may be applicable to a larger sample of CBFs. The initial velocities of the CBFs are comparable to the lower range of estimated Alfvén speeds proposed by Wills-Davey et al. (2007) , suggesting that the randomly structured nature of the coronal magnetic field may have an important effect on the propagation of CBFs; an effect shown in simulations performed by Murawski et al. (2001) . Although the kinematics and dispersive nature of the pulses suggest a magnetoacoustic wave interpretation may be correct, further study is required. The ∼10 s temporal cadence across multiple EUV passbands available with the launch of the SDO spacecraft should allow these results to be studied in much greater detail.
